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A B S T R A C T   
Soil drainage and phosphorus (P) availability are considered indicators of management intensity in pasture-based 
agriculture supporting livestock. However, microbial adaptations to P-availability according to soil drainage 
class are rarely investigated. We hypothesized that well-drained grasslands with high P-availability will sustain a 
distinctive soil microbiota when compared to poorly-drained grasslands with low-P availability. The relationship 
between soil drainage, plant available P and grassland microbial communities was evaluated among well-drained 
sites with high- or low-P and poorly-drained sites with high- or low-P, using fingerprinting, next-generation 
sequencing and quantitative PCR. Bacterial community structures were primarily affected by drainage as well 
as significantly separated between a combination of drainage and P availability i.e. low-P and poorly drained 
versus high-P and well drained. Abundance of the bacterial phylum Actinobacteria was significantly higher in 
well-drained high-P soils while Firmicutes were more abundant in well-drained low-P soils. Soil fungal com-
munities responded to both drainage status and plant available P. Fungal phyla such as Basidiomycota responded 
strongly towards availability of P, while Glomeromycota were most abundant in poorly drained low-P soils. The 
diversity of the alkaline phosphatase gene phoD responded more clearly to drainage than availability of P. Of the 
other environmental factors, soil pH significantly affected the bacterial and fungal communities structure 
analyzed. This study suggests that while bacteria and fungi are affected by a combination of soil drainage and P 
availability in Irish grassland soils, drainage has a more profound influence on bacterial communities than P 
availability.   
1. Introduction 
Grasslands cover 40% of the world’s surface and represent Ireland’s 
most important resource in pasture-based systems [1]. In countries with 
temperate climates, grass production is widely affected by soil drainage 
[2]. Freely drained soils can sustain grazing livestock and machinery for 
most of the year and therefore they are highly suited for grass produc-
tion [3]. In contrast, poorly-drained soils are characterized by long pe-
riods of water saturation that negatively impacts the ability to maximize 
grazing or cutting, thus reducing overall grass productivity as well as the 
length of the grazing season [4]. Soil microbial biomass and total 
phospholipid fatty acid markers [2,5] were shown to be different 
between well and poorly drained soils. Likewise, the bacterial commu-
nity composition also changes, albeit without necessarily affecting 
associated functions in relation to nitrogen cycling [2,6]. However, little 
is yet known about the impacts of soil drainage in grassland microbial 
communities in relation to phosphorous (P) cycling. 
Soil microbes play a central role in the cycling of P acting either as a 
sink of P by immobilizing it from soil solution or as source, releasing P 
from microbial biomass [7]. While we understand the importance of the 
microbial community in P cycling, there is still a significant knowledge 
gap on the mechanistic drivers which influence the composition and 
behavior of the microbial community, when it comes to P cycling [8]. 
While a wide range of soil bacteria and fungi are able to mineralize and 
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solubilize P compounds [9], uncertainties still exist regarding the extent 
to which these functions are performed [8,9]. Differences between soil 
microbial function and composition have been reported in studies 
looking at P fertilizers; for instance, long term fertilization with inor-
ganic P has been shown to shift soil microbial communities towards 
bacterial dominated communities [10]. Similarly, Ikoyi et al. [11] found 
that the abundance of arbuscular mycorrhizal (AM) fungi decreased 
significantly following a single exposure to phosphate-P. Both studies 
reported changes in the abundance of alkaline phosphatase genes (phoD) 
[10,11] and a shift towards a bacterial-dominated community. Although 
these studies showed the influence of P fertilization on the microbial 
community structure, these findings are hard to link to commercial 
grassland farms. Therefore, the potential for P cycling in commercial 
grasslands remains elusive. 
The aim of the present study was to identify how soil bacteria and 
fungi are impacted in soils naturally distinct in drainage (well- and 
poorly-drained) and containing different levels of plant available P 
(high- and low-P). Our hypotheses were as follows i) the microbiota are 
principally different between high and low-P as well as in well and 
poorly drained grassland soils, ii) well-drained high-P (WHP) soils 
represent environments where the role of microbial cycling of P is part- 
replaced by the intensive grassland management to maximize grass 
production, while iii) poorly drained low-P (PLP) soils would be more 
dependent on microbial cycling of soil P for plant P supply. In addition, 
limited availability of oxygen in poorly-drained soils may result in 
phylogenetically different groups of microbes when compared to well- 
drained soils. 
2. Materials and methods 
2.1. Experimental setup 
Twenty permanent Irish grassland soils were selected for this study 
by taking into account (i) their soil drainage class and (ii) plant available 
P. Sites were representative of the main mineral soil groups under 
agricultural production in Ireland. The twenty sites were classified 
following both the Irish soil classification system [12] and WRB classi-
fication system [13]. Sites were distributed within the five major 
agro-climatic regions of Ireland [14] and selected as belonging to either 
poor or well classes of drainage, categorized on the basis of Schulte et al. 
[15]. In general, Cambisols and Podzols were classified as well-drained 
soils whereas poorly-drained soils comprised of Gleysols and Stagnosols. 
Morgan’s-P extraction [16] was used to determine the plant avail-
able P, as the current P agronomic test in the Republic of Ireland. 
Morgan’s-P values (mg P L− 1 of soil) are categorized as indices; 1 
(deficient, 0–3 mg L− 1), 2 (low, 3–6 mg L− 1), 3 (agronomic optimum, 
6–10 mg L− 1) and 4 (excessive >10 mg L− 1) [17]. In the present study, 
low-P soils comprised of soils with <6 mg P L− 1, while high-P soils 
corresponded to soils with >6 mg P L− 1. Herein, grassland soils were 
categorized into four classes as follows: 
(i) Well-drained soils with high-P (WHP); (ii) Well-drained soils with 
low-P (WLP); (iii) Poorly-drained soils with high-P (PHP) and (iv) 
Poorly-drained soils with low-P (PLP). 
All selected sites in the present study were established grasslands, 
thus sites subjected to at least five years of continuous grassland man-
agement. Management information was collected to identify the impact 
of land use intensity on the sites in terms of fertilising/mowing opera-
tions and grazing activity [18,19] In the light of this, sites for this study 
were ranked as medium to extensively impacted by management. For 
further details, please see supplementary Table S1. 
2.2. Soil description, collection, chemical analysis and phosphatase 
activities 
All the grassland sites were sampled between April and May 2016, 
from a sampling area representative of the field (30 m × 30 m). In each 
area a composite sample of nine individual subsamples was taken using 
an auger (5 cm diameter) following a “W” pattern sampling design to a 
depth of 10 cm. Soil subsamples were combined and large stones and 
grass/roots were removed. The samples were then sieved (2 mm) on site 
and kept at 4 ◦C during transport and further kept at − 20 ◦C until an-
alyses were performed. 
Soil pH was determined using a 1:2.5 soil-to-water ratio and organic 
matter (OM %) measured as the loss-on-ignition of 4 g samples at 500 ◦C. 
Total carbon (TC) and total nitrogen (TN) were determined by dry 
combustion using a CN LECO FP 2000 analyzer (LECO Corp., St. Joseph, 
MI) and 0.2 g of ground soil. Morgan’s extractable P (Morgan’s-P) was 
determined at a 1:5 (v/v) soil to Morgan’s solution ratio (10% NaOAc, 
pH 4.8) [16]. Total P (TP) and inorganic P (Pi) were determined in 0.5 M 
H2SO4 extract, in triplicate, by the ignition method [20] in ignited and 
non-ignited samples, respectively. Organic P (Po) was estimated by 
difference between TP and Pi. 
Potential acid (AcP) and alkaline (AlP) soil phosphomonoesterase 
activities (EC 3.1.3.2, EC 3.1.3.1) were determined via protocols 
adapted from Tabatabai [21]. The analyses were conducted in triplicates 
with one non-substrate control and a non-soil control. Phosphatase ac-
tivities were calculated with respect to standard curves using known 
concentrations of p-nitrophenol and expressed as g PNP kg dry soil− 1 
h− 1. 
2.3. Soil DNA extraction, quantification, amplification of bacterial 16 S 
rRNA genes, fungal ITS and AM fungal 18 S rRNA genes and denaturing 
gradient gel electrophoresis (DGGE) 
DNA was extracted from each of the twenty combined soil samples 
(0.25 g FW) using the Powersoil DNA isolation kit (MO BIO laboratories, 
Cupertino, CA), following manufacturer’s instructions. Extracted DNA 
was quantified fluorometrically using the Qubit Fluorimeter (Thermo 
Scientific, Waltham, MA) and diluted with sterile dH2O to a concen-
tration of 10 ng μl− 1for subsequent applications. 
PCR reactions consisted of 1 x buffer (2 mM MgCl2), 0.2 mM dNTPs 
(Fisher Scientific, Waltham, MA), 0.4 pmol μL− 1 of each primer, 0.5 U 
DreamTaq polymerase (Fisher Scientific) and 5 ng of extracted DNA (or 
an aliquot of a PCR product for nested PCRs) in a final reaction volume 
of 25 μL. Soil bacterial 16 S rRNA gene amplification for DGGE was 
carried out using primers GC-341F/518R and a touchdown PCR protocol 
[22]. The fungal internal transcribed spacer (ITS) region and arbuscular 
mycorrhizal (AM) fungal 18 S rRNA were amplified using a nested PCR 
approach [23]. All PCR reactions were conducted in a G-Storm GS2 
thermo-cycler (Somerset, UK). PCR protocols and primer sequences are 
presented in the Tables S2 and S3, respectively. 
Denaturing gradient gel electrophoresis (DGGE) was carried out on 
200 × 200 × 1 mm gels in a TV400 DGGE apparatus (Scie-Plas, Cam-
bridge, UK). Gels of 10% (w/v) acrylamide/bisacrylamide were pre-
pared and run as described previously [24] in 1 x TAE buffer (60 ◦C) for 
16.5 h at 63 V. Linear gradients of 30–70%, 30–60% and 15–50% were 
used in fingerprint analysis of bacterial 16 S rRNA gene, fungal ITS and 
AM fungal 18 S rRNA communities, respectively. After completion, gels 
were stained in 10,000 times diluted SYBR Gold (Invitrogen, Carlsbad, 
CA, USA) for 30 min and imaged on a gel documentation system (Syn-
gene G:Box, Cambridge, UK). 
2.4. Quantification of alkaline phosphatase gene 
The abundance of the alkaline phosphatase gene (phoD) in soil was 
determined via quantitative-PCR (qPCR). Cycling conditions and primer 
sequences are presented in the Tables S2 and S3, respectively. Absolute 
quantification of phoD was carried out as described previously [11] on a 
Lightcycler® 480 II (Roche Diagnostics Ltd. Burgess Hill, UK), in trip-
licate, in 10 μL final volume reactions using 5 μL of KapaFast Sybr green 
master mix 2x (Kapa Biosystems, Woburn, MA, USA), 2 μL of betaine 
(3.7 M), 3 pmol of each primer and 10 ng of DNA. Results were 
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converted to gene copy number per gram of soil (fresh weight). 
2.5. Preparation of bacterial, fungal and phoD libraries for next 
generation sequencing (NGS) 
Amplicon sequencing was performed to determine the diversity and 
composition of 16 S rRNA, ITS and phoD in the studied grassland soils. 
The 16 S rRNA library was prepared to target the 16 S V3 – V4 regions, 
according to the 16 S Metagenomic Sequencing Library Preparation 
protocol [25]. ITS gene library was prepared with a modified version of 
the 16 S rRNA gene extraction protocol [26]. Briefly, 16 S rRNA and ITS 
amplicons were amplified (Table S2) in 50 μL final volume reaction 
using 25 μL of 2x KAPA HiFi HotStart Ready Mix, 1 μL of each primer 
(Table S3) and 5 μL of template DNA at 5 ng μL− 1, followed by a PCR 
clean-up step, using AMPure XP magnetic beads-based purification 
system (Beckman Coulter), to remove free primers and primer dimers. A 
second PCR reaction was conducted to attach Illumina barcoded 
adapters in a final volume of 50 μL, using 25 μL of 2x KAPA HiFi HotStart 
Ready Mix, 5 μL of each Nextera XT Index Primers and 5 μL of the 
previously cleaned PCR amplicon. The final PCR product was subjected 
to a PCR clean-up step, as described above. To prepare the phoD library, 
gene specific primers phoDF733 and phoDR1083 (Table S2) were 
selected [27] and a modified PCR approach was chosen. The first PCR 
was carried out with 10 ng of DNA and primers without adaptors, a 
touch-down step was included from 65 to 55 ◦C (annealing temperature) 
over the first 10 cycles. All other PCR conditions were the same as for 16 
S and ITS as described in the Illumina protocol. Samples were sequenced 
on the Illumina MiSeq platform (2x250 bp paired-end reads) in the 
Moorepark Teagasc sequencing facility, following standard Illumina 
sequencing protocols [25]. 
2.6. Bioinformatic analysis 
The nucleotide sequences from 16 S rRNA, ITS and phoD were 
filtered on the basis of quality (removal of low quality nucleotides at the 
3′ end) and length (removal of sequences with less than 200 nt) with 
prinseq [28] and paired reads with a minimum overlap of 20 base pairs 
were joined using Fastq-join [29]. The sequences were cleaned of rep-
licates, and unique sequences and chimeras were checked against the 
GOLD database [30] using the Usearch v7.0 algorithm. 
The 16 S rRNA gene and ITS sequences were clustered (97% identity) 
to obtain Operational Taxonomic Units (OTUs) using the UPARSE-OTU 
algorithm with the program Usearch v7.0. Taxonomic information at 
phylum, family and genus taxonomic levels were consolidated from the 
SILVA (release 138) database. 
The phoD sequences were cleaned of de-replicate reads, unique se-
quences and chimeras were eliminated using the VSEARCH software 
[31]. The resulting sequences were clustered (75% identity) to obtain 
the representative sequences of each group as calculated by Tan and 
colleagues [32] using the VSEARCH software [31]. The representative 
sequences were aligned using MUSCLE [33] and taxonomy assignment 
was carried out using Bowtie 2 [34] against the database of phoD genes. 
A phoD database was created with 12403 sequences from the FunGene 
pipeline [35] and the European Nucleotide Archive (ENA) and 
customized with in-house Perl scripts. 
ITS sequences were processed through the VSEARCH software [31]. 
VSEARCH was used to de-replicate reads, cluster reads into OTUs and 
remove chimeric sequences. The taxonomy was assigned to the OTUs 
using the rdp classifier against the UNITE database version 7.1 [36]. 
Nucleic acid information from this study was deposited at the Eu-
ropean Nucleotide Archive with the project number PRJEB27448 
(ERS2610062-ERS2610138 for bacteria; ERS3140295-ERS3140314 for 
fungi, ERS3140315-ERS3140334 for phoD). 
2.7. Statistical analysis 
Bacterial, fungal and AM fungal DGGE images were analyzed using 
the Phoretix Advanced 1D software (Nonlinear Dynamics, Newcastle 
upon Tyne, UK) and presence/absence binary matrices were obtained. 
Canonical correspondence analysis (CCA) was performed on DGGE and 
NGS binary data sets in R using the cca() function in the ‘vegan’ package 
(R software, version 3.3.1). OTU tables were first rarefied to the lowest 
OTU abundance before CCA analysis. Permutation analyses (permuta-
tions = 999) were performed using the vegan package in R to identify 
significant differences between the sample groups in the community 
structures and to identify which soil properties correlated significantly 
with the community structures. 
Bacterial, fungal and phoD diversities were determined by calcu-
lating the Shannon index based on the number of OTUs based on DNA 
sequencing using the Biodiversity package (R software). Spearman 
correlations (two-sided, pairwise, p < 0.05) were conducted among 
eleven environmental variables and 16 S, ITS and phoD Shannon di-
versity index using the Corrplot package (R software). 
3. Results 
3.1. Soil chemical properties and enzymatic activities 
Soil properties collated by soil drainage and plant available P classes 
are presented in Table 1. The drainage category related with significant 
changes in the C:Po ratio, total phosphorus (TP) and organic phosphorus 
(Po) content. Total P and Po content were lower, while C:Po ratio was 
higher in poorly-drained soils relative to the well-drained ones. Differ-
ences in inorganic P (Pi) were consistent with the plant available P 
status, with high-P soils showing significant increases in Pi, with highest 
concentration in the WHP soils. Furthermore, soil pH was also signifi-
cantly higher (p < 0.05) in high-P soils. 
Acid phosphatase (AcP) showed an average potential activity of 0.85 
g PNP kg− 1 dry soil h− 1 and did not differ significantly with soil drainage 
or plant-available P status (Table 1). Overall, alkaline phosphatase (AlP) 
presented lower potential activity with an average of 0.18 g PNP kg− 1 
dry soil h− 1 when compared with AcP. AlP presented significantly 
higher activity in high-P soils (Table 1) and was positively correlated 
with Morgan’s-P and soil pH (Fig. 1). The phoD diversity showed no 
relation with soil P measurements (Fig. 1), being correlated only with 
soil pH. 
3.2. Variation between soil microbial communities, fingerprint (DGGE) 
and sequencing (NGS) analysis 
Bacterial and fungal communities in grassland soils were initially 
assessed using DNA fingerprinting analysis. Canonical correspondence 
analysis (CCA) using 16 S and ITS DNA fingerprinting is presented in the 
supplementary Fig. S1. Effects of the interactions between drainage and 
plant available P as seen in the DGGE analysis highlighted potential 
shifts in the microbial community structures, that were further fully 
assessed using NGS. 
CCA of NGS data indicated a separation of the bacterial communities 
between well and poorly-drained soils (Fig. 2A) on the first axis, with 
drainage detected by permutation analysis as the main factor influ-
encing the bacterial community structure (F = 1.23, p = 0.01) 
Furthermore, less clear separations were detectable based on available 
phosphate levels with only PLP and WHP communities being signifi-
cantly different (F = 1.35, p = 0.02) due to drainage and plant available 
P interaction. Soil pH correlated significantly with the bacterial com-
munity structures alongside plant available P and alkaline phosphatase 
activity. However, the latter demonstrated collinearity with soil pH (VIF 
= 5.0). 
Fungal community structures were affected by drainage (F = 1.21, p 
< 0.01) and plant available P (F = 1.10, p = 0.03) (Fig. 2B). Permutation 
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analysis confirmed that WHP and PHP significantly differed from poorly 
and well drained sites respectively (p < 0.05). Total P and soil moisture 
were both significantly affecting the fungal community structure. 
Alkaline phosphatase also affected the fungal community structure but 
was collinear with soil pH (VIF = 5.6). 
The community structure of the bacterial alkaline phosphatase gene 
(phoD) was affected by drainage (F = 1.08, p < 0.05) (Fig. 2C). The 
ordination biplot showed separations of PLP, WHP and WLP on the first 
axis and the high versus the low available P on the second axis. Per-
mutation analysis confirmed distinct phoD communities with PHP and 
WLP being significantly different (P < 0.05). Plant available P and soil 
pH and alkaline phosphatase activity were significantly shaping the 
community structure, though the latter was collinear with soil pH (VIF 
= 5.4). 
Community structure analysis based on DGGE of 18 S rRNA gene 
fragments of Arbuscular Mycorrhizal (AM) fungi showed some level of 
separation of PLP and WHP (Fig. 2D), and this was confirmed by per-
mutation analysis (p < 0.05). Available P, soil pH and alkaline phos-
phatase activity appeared to significantly shape the community 
structures (p < 0.05). 
3.3. Distribution of bacterial and fungal taxa in grassland soils 
A total of 26 bacterial phyla and 20 candidate divisions were iden-
tified within the bacterial domain. Proteobacteria, Acidobacteria, Acti-
nobacteria and Verrucomicrobia, were the dominant bacterial phyla 
representing 27.5%, 15.5%, 13.0% and 10.3% of the total bacteria, 
respectively. Of the total 533 OTUs assigned at the bacterial genus level 
(97%), 149 were present in all the samples, of which 17% had relative 
abundances ≥ 1% and 61% showed relative abundances between 0.1 
and 1%. 
Fungal taxa classified at the kingdom level represented 75% of the 
total number of ITS sequences and were assigned to 8 fungal phyla, 
dominated by Ascomycota (39%), Zygomycota (20%) and Basidiomy-
cota (14%). A total of 273 OTUs were assigned at the fungal genus level, 
from which 19 were present in all samples. Mortierella (24.3%) was the 
most abundant fungal genus. 
The obtained phoD sequences were separated into 12 bacterial phyla 
as well as one Archaea phylum (Euryarchaeota) and two fungal phyla 
(Asco- and Basidiomycota). The Archaea, Basidiomycota and Ascomy-
cota represented less than 0.1%, 0.01% and 1% of all phoD assigned 
sequences. Actinobacteria, Planctomycetes and Proteobacteria were the 
dominant bacterial phyla, representing over 80% of all phoD sequences. 
3.4. Soil drainage effects on the microbial community structure 
Analysis of variance between well and poorly-drained soils for the 
relative abundance of bacterial and fungal populations at phylum level 
is presented in Table 2. Differences were found only in the bacterial 
phyla Actinobacteria and Firmicutes, which were 50–60% more abun-
dant in well-drained soils compared to poorly-drained soils. The genera 
Table 1 
Results for analysis of variance of soil and biological properties between soil drainage class (Well and Poor Drainage), plant available P (High P and Low P) and soil 
classes: Well drained High P soils (WHP); Well drained Low P soils (WLP); Poorly drained High P soils (PHP); Poorly drained Low P soils (PLP). Different capital letters 
(A and B) represent significantly different values (p < 0.05) within the drainage parameters (Well vs. Poor). For High and Low P soils, difference in letters y and z, 
represent significantly different values (p < 0.05). Lower letters a and b represent significantly different values (p < 0.05) within the groups WHP, WLP, PHP and PLP. 
Number of replicates (n) is indicated.   
Drainage Soil P WHP (n = 5) WLP (n = 5) PHP (n = 5) PLP (n = 5) 
Soil properties Well (n = 10) Poor (n = 10) High P (n = 10) Low P (n = 10) 
pH 6.1 5.8 6.2 y 5.7 z 6.4 5.9 6.1 5.5 
OM % 10.8 12.3 11.6 11.3 11.0 10.5 12.3 12.2 
Morgan’s – P mg L− 1 6.9 7.3 10.9 y 3.4 z 10.2 a 3.4 b 11.3 a 3.2 b 
Total Phosphorus (TP) g kg− 1 0.95 A 0.68 B 0.89 0.73 1.07 0.83 0.72 0.63 
Inorganic Phosphorus (Pi) g kg− 1 0.38 0.26 0.42 y 0.22 z 0.51 a 0.25 b 0.33 ab 0.19 b 
Organic Phosphorus (Po) mg kg− 1 0.57 A 0.42 B 0.48 0.51 0.56 0.58 0.40 0.44 
C:N 11.2 11.6 11.8 11.0 11.3 11.1 12.2 10.9 
C:Po 92.8 A 144.4 B 126.5 110.6 101.0 ab 84.5 a 152.0 c 136.7 bc 
AcP g PNP kg− 1 dry soil h− 1 0.83 0.88 0.91 0.80 0.98 0.68 0.84 0.91 
AlP g PNP kg− 1 dry soil h− 1 0.21 0.16 0.25 y 0.12 z 0.28 a 0.13 ab 0.21 ab 0.11 b 
phoD x105 copy number g− 1 soil 15.6 14.3 14.9 15.0 14.3 16.9 15.4 13.2 
Diversity (Shannon) 
Bacteria (16 S rRNA genes) 10.2 10.0 10.4 y 9.8 z 10.5 a 9.9 ab 10.4 a 9.6 b 
Fungi (ITS) 6.9 A 7.3 B 7.1 7.1 6.8 6.9 7.3 7.3 
Alkaline phosphatase (phoD) 6.81 6.51 6.87 6.45 6.97 6.66 6.78 6.25  
Fig. 1. Spearman correlation (p < 0.05) of environmental factors Morgan’s P, 
total carbon, total nitrogen, total P, organic P, inorganic P, acid phosphatase, 
alkaline phosphatase, soil pH, soil moisture and bacterial, fungal and phoD 
diversity. Dots represent significant correlations (black = negative, grey =
positive) with dot size depicting level of correlation. 
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Acidothermus, Jiangella, Cellulosimicrobium, Exigobacterium, Xantho-
bacter, and Rhodopirellula were more abundant in well-drained soils 
while Telmatobacter and Filomicrobium were more abundant in poorly- 
drained soils (Table S4). 
The fungal phyla Glomeromycota and Blastocladiomycota, repre-
senting less than 1% of fungal abundance, were the only fungal phyla 
Fig. 2. Canonical correspondence analysis of the bacterial, fungal, Arbuscular Mycorrhiza Fungi (AMF) and alkaline phosphatase (phoD). Ordination plots A), B), and 
C) are based on NGS; ordination plot D) is based on DGGE analysis. Symbols correspond to sampled sites grouped according to the soil groups analyzed, WHP (open 
green triangle); WLP (closed blue triangle); PHP (open red circle) and PLP (closed orange circle). Different capital letters inside the bi-plots (A, B, C, D) represent 
significant differences between the sample groups in the community structures within the soil groups analyzed. Black arrows correspond to significant (p < 0.05) 
fitted environmental variables representing moisture content (moisture), soil pH (pH) and total phosphorus (TP). Alkaline phosphatase activity (AlP, grey dashed 
arrow) had a variance inflation factor (VIF) of between 5 and 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
Table 2 
Analysis of variance for the relative abundance (%) of bacterial (cut-off > 1%) and fungal phyla between soil drainage class (well and poorly drained), Soil P 
(high and low P) and soil classes Well drained High P soils (WHP); Well drained Low P soils (WLP); Poorly drained High P soils (PHP); Poorly drained Low P 
soils (PLP). Letters a and b represent significantly different values (p < 0.05) within the drainage parameters (Well vs. Poor). For High and Low P soils, 
capital letters A and B, represent significantly different values (p < 0.05). Letters y and z represent significantly different values (p < 0.05) within the groups 
WHP, WLP, PHP and PLP.    
Drainage Soil P Soil class  
Phylum Well Poor High P Low P WHP WLP PHP PLP 
Bacteria Actinobacteria 15.87 a 10.14 b 15.25 15.81 15.87 15.86 11.24 9.03 
Firmicutes 5.55 a 3.49 b 3.53 A 5.51 B 3.93 y 7.18 z 3.13 y 3.84 y 
Gemmatimonadetes 1.02 1.07 1.28 A 0.81 B 1.24 zy 0.81 y 1.31 z 0.82 z 
Fungi Ascomycota 39.40 39.00 43.02 A 35.38 B 42.83 35.96 43.20 34.79 
Zygomycota 20.27 19.78 23.20 A 16.85 B 24.32 y 16.22 22.08 17.49 
Basidiomycota 15.56 12.36 6.92 A 21.00 B 5.86 z 25.27 y 7.99 z 16.74 y 
Blastocladiomycota 0.17 a 0.05 b 0.10 0.12 0.16 0.18 0.05 0.05 
Glomeromycota 0.13 a 0.65 b 0.14 0.65 0.04 y 0.23 yz 0.23 yz 1.07 z  
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that presented changes according to drainage class. Glomeromycota 
relative abundance was 5-fold higher in poorly-drained soils whereas 
Blastocladiomycota showed a 3.4-fold increase in well-drained soils 
(Table 2). 
Based on phoD sequence analysis, only the phyla Actinobacteria and 
Melainabacteria showed differences according to drainage. The latter 
was present at 1.8-fold higher abundance in poorly-drained soils while 
phoD abundance assigned to Actinobateria was 1.4-fold higher in well- 
drained soils (Table S5). At the genus level, Gemmata was significantly 
more abundant in the well-drained soils. In contrast, Singulisphaera and 
Pseudorhodoferax were significantly more abundant in poorly drained 
soils. Sequences associated with Streptomyces were either more or less 
abundant in the poorly drained soils depending on association at sub- 
genus level (Table 3). 
3.5. Plant available P effects on the microbial community structure 
Within the bacterial taxa, only Firmicutes and Gemmatimonadetes 
phyla responded significantly to plant available P. Gemmatimonadetes 
showed 1.58-fold higher relative abundance in soils with high P whereas 
the Firmicutes increased by 1.56-fold in low-P soils (Table 2). Analysis of 
variance between the soil groups WHP, WLP, PHP and PLP showed that 
the Firmicutes and the genus Xanthobacter (phylum Proteobacteria) 
showed highest abundances in WLP soils while three out of four Acti-
nobacteria genera appeared to prefer WHP soils (Table 2 and Table S4). 
The effect of plant available P was evident in the fungal taxa. The 
phyla Ascomycota and Zygomycota showed higher relative abundance 
in high-P soils (1.22-fold and 1.38-fold respectively, Table 2) along with 
the fungal genera Mortirella and Fusarium (Table S4). Basidiomycota 
were more abundant in low-P soils (3-fold higher relative abundance, 
Table 2). The relative abundance of the phylum Glomeromycota 
(Table 2) and the genus Trichoderma (Table S5) were distinctly higher in 
PLP soils. 
Available-P (high P vs. low P) had a limited effect on relative 
abundances of phoD sequences. In low-P soils, the phylum Nitrospirae 
presented a 50% increase in phoD assigned sequences (Table S5). At the 
genus level, higher relative abundances of Collimonas sp. and Xantho-
monas sp. were found in low-P soils (Table 3). 
4. Discussion 
At the outset of the present study, we hypothesized that plant 
available P and soil drainage would have a significant effect on the soil 
microbial communities in grasslands. This in turn may impact the ca-
pacity of the grassland microbiota to cycle P. Soils with low levels of 
plant available P should be advantageous for members of the soil 
microbiome that can utilize various plant-unavailable forms of P in 
order to circumvent limitations in P availability. Indeed, soil microbial 
community structures in the present study differed according to soil 
drainage and plant available P. 
Soil type [37] and farm artificial drainage [38] are known to greatly 
influence soil bacterial abundance and structure. However, the effect of 
the natural permeability of grassland soils (based on soil type) on the 
microbial communities, is less known. In our study, some shifts in the 
relative abundance of bacterial taxa (phyla and genus) were detected in 
response to soil drainage. Furthermore, poorly and well drained soils 
showed distinct bacterial community structures, including phoD 
harboring bacteria. Poorly-drained soils are subjected to periods of 
limited oxygen [2] which could be driving bacterial communities to-
wards an increase in facultative anaerobic microbes such as Telmato-
bacter and Filomicrobium, as this was the case in the present study. While 
poorly-drained soils may be limited in oxygen supply, they are less likely 
to face drought stress which can substantially impact soil bacterial 
communities favoring Gram-negative bacteria [39] such as Acid-
obacteria and Proteobacteria. The present study identified differences in 
certain soil bacterial taxa based on soil permeability. However this did 
not reflect on a change in the overall bacterial diversity (Shannon). In 
contrast, a higher fungal diversity was found in the present study in the 
poorly-drained soils. Sequencing data revealed that these changes are 
largely attributed to increases in less represented fungal taxa. Indeed 
some fungal taxa may thrive better in poorly-drained soils due to their 
fermentative ability [40] and their filamentous forms may enable better 
adaptation to fluctuating water tables and anaerobic conditions [41] 
enhancing the ability of fungal populations to adapt to soil drainage. 
Likewise, higher numbers of AM fungal spores were found in poorly 
drained soils over well-drained soils [42] and this could explain the 
relative increase in Glomeromycota sequences in the present study. 
Strong correlations between soil pH and the soil microbiome is 
widely reported [43] and was also found in the present study. Soil pH 
was different between low and high-P status soils and correlated 
significantly with the microbial community structures. Likewise, some 
disparities detected at genus level, such as Candidatus Solibacter 
(phylum Acidobacteria) could be associated with differences in the soil 
pH between low- and high-P status soils (correlation data not shown). 
Nevertheless, well-drained soils with low-P status (WLP) showed higher 
relative abundance of Firmicutes and the genus Xanthobacter (16 S rRNA 
gene based), and a distinct community structure of the phoD gene was 
identified between WLP and PHP soils. Several members of the Firmi-
cutes are known plant growth promoting bacteria, with some of them 
identified as phosphorus solubilizing bacteria, such as Bacillus [44]. 
Members of this clade have been identified to possess alkaline phos-
phatase pathways [45] that include the marker gene phoD. However, 
phoD sequences in the present study were dominated by Actinobacteria, 
Proteobacteria and Planctomycetes. While Actinobacteria (incl. Strep-
tomyces) responded strongly towards drainage, certain genera of the 
proteobacteria responded towards low-P availability (i.e. Xanthomonas 
and Collimonas). Indeed, Xanthomonas strains have been highlighted as 
P-solubilizing rhizobacteria alongside strains of Bacillus [46]. Likewise, 
soil isolates of Collimonas have been identified as P solubilizer in 
Table 3 
Relative abundance of most abundant [>0.25%] phoD [%] assigned at genus 
level. Lower letters a and b represent significantly different values (p < 0.05) 
within the soil parameters (rows) between Well and Poorly drained soils; Capital 
letters A and B represent significantly different values (p < 0.05) within the soil 
parameters (rows) between High and Low P soils.   
Soil P Drainage 
Genus, species or strain Low P High P Well Poor 
Caulobacter vibrioides 0.52 1.23 2.76 0.63 
Collimonas fungivorans Ter331 0.81A 0.25B 0.87 1.32 
Deinococcus proteolyticus MRP 0.33 0.68 0.66 1.34 
Frankia sp. BR 1.21 3.18 4.70 3.94 
Frankia sp. CpI1-P 0.03 0.53 0.05 1.05 
Frankia sp. EI5c 0.46 0.37 0.60 1.14 
Gemmata sp. SH-PL17 1.52 1.17 4.34a 0.86b 
Gemmatimonas aurantiaca T-27 2.55 8.06 7.78 13.94 
Kribbella flavida DSM 17836 0.18 0.57 0.89 0.59 
Lentzea sp. DHS C013 0.44 0.45 1.11 0.63 
Luteipulveratus sp. C296001 0.34 0.22 0.68 0.40 
Massilia sp. JS1662 0.68 0.15 0.92 0.67 
Nocardiopsis sp. NRRL B-16309 0.06 0.49 0.37 0.74 
Phenylobacterium zucineum HLK1 0.33 0.57 0.91 0.94 
Pseudomonas orientalis 1.18 1.87 1.86 4.25 
Pseudomonas parafulva 0.77 0.54 1.10 1.54 
Pseudomonas sp. Ag1 0.62 0.12 0.13 1.49 
Pseudorhodoferax sp. Leaf267 1.89 0.57 0.56a 4.76b 
Singulisphaera acidiphila DSM 18658 0.45 0.51 0.10a 1.93b 
Streptomyces resistomycificus 4.26 4.47 8.86 8.49 
Streptomyces sp. CNQ-509 0.95 2.53 1.32a 5.72b 
Streptomyces sp. XY431 0.22 0.32 0.71a 0.34b 
Xanthomonas bromi 1.42A 0.49B 1.52 2.41  
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association with animal bone charcoal [47], but their putative 
involvement in phosphate ester hydrolysis in grasslands is new. 
Changes in the overall fungal communities and shifts in the relative 
abundance of the fungal phyla Ascomycota, Zygomycota and Basidio-
mycota were strongly associated with P availability. Similarly, to the 
findings from the present study, Leff and colleagues [48] described 
significant increases in the Ascomycota in P fertilization plots. However, 
Francioli et al. [49] reported higher abundance of Ascomycota in 
non-fertilized plots, while Zygomycota abundance increased under 
long-term mineral and organic fertilization. The present study also 
found higher relative abundances of the fungal genera Mortierella and 
Fusarium in high-P soils. These genera have been reported to be 
phosphate-solubilizing filamentous fungi [50]. Mortierella was shown to 
possess P solubilizing ability that improves with increased amounts of Pi 
adsorbed on mineral surfaces [51] which could explain its higher 
abundance in soils with higher P content and the strong influence of 
total P and plant available P over fungal communities. Despite plant 
available P showed to affect relative taxa abundance, the combination of 
soil drainage and P availability affected the fungal population in WHP 
soils that is distinct from PLP and PHP. Soil edaphic properties, such as 
pH, moisture and total P, appeared to act as drivers in the overall fungal 
community structure. However, it is still unclear whether the higher 
incidence of putative P solubilizing fungi on intensively managed 
grasslands contributes to soil P availability or solely thrive due to a 
combination of edaphic and soil nutritional factors. 
Poorly-drained soils with low-P status (PLP) harbored distinct bac-
terial and AM fungal communities compared to well-drained, high-P 
status soils (WHP) in the present study. Since PLP and WHP represent 
extreme opposites of the studied soil scenarios, these findings were in 
line with the previously stated hypotheses. The distinction of PLP and 
WHP was evident in the higher abundance of Glomeromycota and the 
genus Trichoderma and a significantly lower bacterial diversity (Shan-
non) in PLP. The distinct microbial population found in PLP soils was 
linked to both, drainage and soil P content. AM fungi (i.e. Glomer-
omycota) have been extensively studied as plant growth promoters and 
reported to enhance P acquisition in grass species under low nutrient 
conditions [52]. Likewise, the genus Trichoderma, an opportunistic 
symbiotic fungus, is known to exert plant beneficial properties including 
plant P uptake [53]. Both symbiotic taxa appeared to be favored in PLP 
soils, where they represent a potential asset for grassland growth at 
otherwise unfavorable environmental conditions. Therefore, our study 
supports the hypothesis that fungal communities are defined by soil 
nutrient status and soil natural drainage. 
5. Conclusions 
The present study aimed to understand how soil microbes relate to 
soil drainage characteristics and plant available P in farmed grasslands. 
Real world farming scenarios across Ireland were selected for this study 
instead of specifically manipulated trials to ensure that findings related 
to drainage and P availability are representative and robust. 
While the hypotheses outlined at the beginning of this study were 
confirmed in principle, the grassland fungal community responded to-
wards changes to both soil drainage and soil P status while bacterial 
communities were strongly related to soil drainage characteristics. The 
latter was also evident by the abundance and diversity of phoD harboring 
bacteria, where drainage appeared to have a stronger influence than 
available P. These findings let us conclude that the soil microbiota in 
intensively farmed grasslands may be more robust towards P fertiliza-
tion and that P availability is not dramatically impacting the capacity of 
microbes to cycle or mobilize P. However, the presence of putative P 
mobilizing microbes in grasslands with high P availability may result 
from other environmental factors such as soil pH and moisture. There-
fore, further investigations are necessary to specifically pinpoint po-
tential vulnerabilities of P mobilizing soil microbes, especially under 
sustained conditions. 
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[36] U. Kõljalg, R.H. Nilsson, K. Abarenkov, L. Tedersoo, A.F. Taylor, M Bahram, 
ST Bates, TD Bruns, J Bengtsson-Palme, TM Callaghan, B. Douglas, et al., Towards 
a unified paradigm for sequence-based identification of fungi, Mol. Ecol. 22 (2013) 
5271–5277, https://doi.org/10.1111/mec.12481. 
[37] C. Liu, N. Ding, Q. Fu, P.C. Brookes, J. Xu, B. Guo, Y. Lin, H. Li, N. Li, The influence 
of soil properties on the size and structure of bacterial and fungal communities 
along a paddy soil chronosequence, Eur. J. Soil Biol. 76 (2016) 9–18, https://doi. 
org/10.1016/j.ejsobi.2016.06.002. 
[38] C.D. Clegg, R.D. Lovell, P.J. Hobbs, The impact of grassland management regime 
on the community structure of selected bacterial groups in soils, FEMS Microbiol. 
Ecol. 43 (2003) 263–270, https://doi.org/10.1111/j.1574-6941.2003.tb01066.x. 
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